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Abstract: In order to improve disinfection by-product (DBP) exposure assessment, this 
study was designed to document both water and air levels of these chemical contaminants 
in two indoor swimming pools and to analyze their within-day and day-to-day variations in 
both of them. Intensive sampling was carried out during two one-week campaigns to 
measure trihalomethanes (THMs) and chloramines (CAMs) in water and air, and haloacetic 
acids (HAAs) in water several times daily. Water samples were systematically collected at 
three locations in each pool and air samples were collected at various heights around the 
pool and in other rooms (e.g., changing room) in the buildings. In addition, the ability of 
various models to predict air concentrations from water was tested using this database. No 
clear trends, but actual variations of contamination levels, appeared for both water and air 
according to the sampling locations and times. Likewise, the available models resulted 
in realistic but imprecise estimates of air contamination levels from water. This study 
supports the recommendation that suitable minimal air and water sampling should be 
carried out in swimming pools to assess exposure to DBPs. 
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1. Introduction 

It is well known that the disinfection of swimming pool water generates by-products (DBFs) as a 
result of chemical interactions between chlorine and nitrogenous or organic matters that come from 
swimmers or are naturally present in water [1]. Indeed, both the high quantities of disinfectant required 
to ensure protection of bathers against microbiological risks and the continuous pool loading with 
organic and nitrogenous precursors (e.g., body fluids, skin particles, hair, and cosmetics) from bathers 
contribute to the formation of high quantities of these DBFs. Whereas water recirculation tends to 
concenfrate the non-volatile DBFs in the pool, the turbulence generated by swimmers promotes the 
diffusion of volatile compounds from water into the ambient air [2]. Moreover, in indoor swimming 
pools in particular, ventilation conditions may not necessarily be sufficient enough to efficiently 
remove DBFs in the air. 

Among the numerous DBFs (n > 600) and apart from the emerging ones newly discovered thanks to 
analytical progress [3,4], three main classes are traditionally identified: trihalomethanes (THMs) — 
including chloroform (TCM), dichlorobromomethane (DCBM), chlorodibromomethane (CDBM) and 
bromoform (TBM), haloacetic acids (HAAs) and chloramines (CAMs) — including monochloramine 
(MCAM), dichloramine (DCAM) and trichloramine (TCAM). THMs are known to volatilize easily 
from water into ambient air, contrary to HAAs. As for CAMs, MCAM and TCAM are usually the main 
compounds encountered in water and air, respectively [5]. 

THMs and HAAs are suspected to have various health effects, mainly regarding carcinogenic risk 
(e.g., bladder cancer) or adverse reproductive outcomes (e.g., infra-uterine growth retardation) [6,7]. 
However, these issues have been investigated primarily for exposure involving household drinking 
water use activities (e.g., consumption, showering) without (or seldom) accounting for exposure 
resulting from swimming pool attendance. Irritation (respiratory and ocular) associated with 
exposure to CAMs (particularly TCAM) among swimming pool attendees or workers are well 
acknowledged [8-15]. Likewise, currently growing interest concerns potential allergic and asthmatic 
impacts of these contaminants, especially on the young population (e.g., baby swimmers) [16-22]. In 
this context, various actions, such as the use of dechloramination devices, are currently considered to 
reduce CAM exposure which is of prime interest and worth to be evaluated first as short-term health 
effects could be produced. Nevertheless, some reports suggest that this technology could promote the 
formation of other DBFs, especially THMs [23,24], and so the long-term health effects relative to a 
potential carcinogenic risk. 

More recently, the potential mutagenicity and genotoxicity of swimming pool water, possibly linked 
to DBFs, have been considered [3,4,25-27] and there is growing international interest in assessing 
DBF exposure in swimming pools and related risks [20,28-36]. 

In the Frovince of Quebec (Canada), few studies have documented the occurrence of DBFs in 
swimming pools. To our knowledge, only one study by Levesque et al. [37], comparing the occurrence 
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of health complaints between two groups of swimmers and soccer players, reported levels of CAM in 

3 3 

the water (450 |a.g/L-l,030 |a.g/L) and air (260 |a.g/m ^10 |a.g/m ) of seven swimming pools. This study 
showed a link between irritation symptoms, more frequently reported among swimmers, and CAM 
concentrations in the air; it also showed that more respiratory complaints were experienced at levels 
above 370 |a,g/m . This value, under the reference limit of 500 |a,g/m suggested by a French study [38], 
is close to, but still above, the value of 300 |ig/m proposed by Parrat [39] and also above the toxicity 
reference value of 0.4 |a,g/m proposed by Bonvallot et al. [40]. In another previous study, Levesque et al., 
documented the water and air concentrations of TCM in eight various indoor swimming pools located 
in the Quebec City area while they were assessing associated exposure and risk among competitive and 
leisure swimmers [41]. Reported mean TCM water and air concentrations ranged from 18 i^g/L to 80 i^g/L 

3 3 

and from 78 (xg/m to 329 )J.g/m , respectively. More recently, Simard reported the monthly evolution 
(during 12 months) of DBFs levels in water samples from 15 indoor and 39 outdoor swimming pools 
in Quebec City [5]. The THM levels ranged between 17.5 )j,g/L and 113.5 )a,g/L (mean = 44 |a.g/L) in 
indoor swimming pools and reached up to 300 )j,g/L in outdoor pools. These levels exceed the 
regulatory standard adopted in Germany that requires THM pool water concentration under 20 )J.g/L. 
Simard reported CAMs ranging between 300 and 1,700 |J.g/L, and between 10 and 800 |ug/L for indoor 
and outdoor pools, respectively [5]. These authors also observed an important accumulation of HAAs 
with levels up to 1,100 )j,g/L and above 2,200 )j,g/L in indoor and outdoor pools, respectively. However, 
their study was limited to water contamination only. Indeed, only a limited number of studies have 
explored the relationship between air and water contamination by DBFs [29,41^5]. The study of 
Hamel is of particular interest, as the authors examined the evolution of THM and CAM levels in the 
water and air of four swimming pools in France [42]. 

How DBFs are disfributed into and between various media {i.e., water and air) of a swimming pool 
and the extent to which contamination fluctuates in time are issues that continue to require 
investigation in order to improve DBF exposure assessment through suitable environmental monitoring 
and/or predictive modeling sfrategies. HAAs, more particularly, should be investigated, since little data 
regarding these DBFs are currently available [5,46,47]. The modeling of THM volatilization and 
resulting levels in water and air, influenced by numerous factors (e.g., number of swimmers, ventilation, 
and water turbulence), is another challenging concern. Hsu et al. [48] and Dyck et al. [49] have 
proposed two interesting approaches which focus on TCM and whose reliability should be fiirther 
explored. Hsu et al. have developed a robust mathematical model accounting for environmental 
conditions and occupant activities and using computational fluid dynamics to predict TCM concentrations 
into the indoor swimming-pool air. However, this model requires numerous assumptions, particularly 
concerning the description of the indoor airflow patterns, which make its use difficult. The works of 
Dyck et al. resulted in an easier equation as described in a following section. 

In this context, the present study aimed at documenting the variability of the occurrence of the main 
DBFs in water (THMs, HAAs and CAMs) and in the ambient air (THMs, CAMs) of two indoor 
swimming pools in Quebec City through intensive monitoring campaigns. The study examined the 
spatial variations of DBFs {i.e., in the pool water, in the air around the pool and in premises) as well as 
within-day and day-to-day variations of DBFs in both the water and the air. The database developed 
was then used to test various THM volatilization models. We also sought to establish the extent to 
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which frequent or occasional water and air samplings might be required in order to properly assess 
DBP exposure in pools and/or for risk assessment and potential regulatory purposes. 

2. Methodology 

2.1. Study Sites 

For this investigation, two public indoor swimming pools ([A] and [B]) in Quebec City (Canada) 
were selected among those previously investigated by Simard [5]. Sites with a basic configuration 
consisting of a single pool were preferred. Technical information relative to each swimming pool is 
presented in Table 1 . 



Table 1. Technical information on configuration and water treatment in each studied 
swimming pool. 



Parameters 


Pool [A] Pool [B] 


Dimensions ([m] x [m]) 


25 X 14.4 (360 m^) 25 x 12 (300 m^) 


Pool volume (L) 


682,000 860,000 


Water Disinfectant 


Sodium hypochlorite (automated injection) 


Indicative DBP concentrations in 




water (^g/L) reported by Simard et al. [5] 




THM 


26.1 28.6 


HAA 


267.0 388.9 


CAM 


574.9 493.1 



2.2. Sampling Program for Air and Water 



Two consecutive sampling sessions were carried out during the first week of June (SI) and that of 
July (S2) 2010, respectively. The same sampling programs were carried out at the same time in both 
swimming pools. 

2.2.1. Air Sampling (THMs and TCAM) 

Basically, the program of each session consisted of four 95 min-sampling periods/day during five 
consecutive days (fi-om Monday to Friday, between 9:30 am and 4:30 pm approximately). For each 
period, 95 min-integrated sampling was used to estimate THM levels in the air. Samples were 
collected at 30 cm and 150 cm above the surface water on the pool edge in the middle of the 
swimming pool. Depending on the day, other air samples were also collected near the breathing zone 
(150 cm) in various rooms, including men's and women's changing rooms, lifeguard's office, 
administrative office or operational room. The air sampling strategy differed slightly for TCAM, 
whose concentrations in the air were measured only two times/day. For this parameter, 120-min 
integrated air samples were collected along the pool edge in the middle of the swimming pool 150 cm 
above the water surface once in the morning (through the first and second period) and once in the 
afternoon (through the third and fourth period). 
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2.2.2. Water Sampling (THMs, HAAs and CAMs) 

For water, duplicate spot samples were collected at midway through each period in three different 
locations around the pool: the shallow end, the middle of the pool and the deep end. All water samples 
were taken at approximately 30 cm under the water surface and were analyzed for THMs and HAAs. 
Only samples in the middle of the pool were collected for CAM analysis (as well as for other 
physicochemical parameters: pH, temperature, free residual chlorine and total chlorine). 

2.3. Analytical Procedures 

2.3.1. Air Samples 

Air samples for THM measurements were collected using a pump (AirLite Sampler Model 11 0-1 00, 
SKC Inc., Eighty Four, PA, USA) at 165 mL/min flow rate for 95 min through adsorption into 
activated carbon tubes (ORBO™ 32 Small Activated Coconut Charcoal (20/40), 100/50 mg; 
Sigma- Aldrich, #cat 20267-U). Tubes were sealed and stored on ice for analysis within three days of 
sampling. A solution of carbon disulfide (1 mL) was used for desorption (carbon disulfide, ACS 
reagent, >99.9%; Sigma- Aldrich, #cat. 180173). After ultrasound heating during 30 min (Branson 
Bransonic 1200 Ultrasonic Cleaner Heated Water Bath), 1 |a,L was injected into a gas chromatograph 
combined with elecfron capture detector (CP-3800, Varian. He: 1.0 mL/min, column VFSms 30 m [L] x 
0.25 mm [ID] x 0.25 ^m [Film thickness]). The limits of detection (LOD) were 0.69, 0.102, 0.095 and 
0.1 12 ^ig/m^ for TCM, DCBM, CDBM and TBM, respectively. TCAM in air was analyzed according 
to the reference method developed by Hery et al. [38]. Requisite sampling cassettes were prepared and 
analyzed by the Laboratoire d' etudes et de recherche en environnement et sante of the Ecole des hautes 
etudes en sante publique de Rennes (LERES, EHESP, France) following NF ISO 10304-1 procedure. 
The LOD was 50 |ag/m . Air samples for TCAM measurements were pumped at a 1 L/min flow rate 
for 120 min through the cartridges. All pumps were calibrated each morning prior to sampling. 

2.3.2. Water Samples 

For THM and HAA analyses, 40-mL glass vials with screw caps and polj'tetrafluoroethylene-lined 
silicone septa were prepared beforehand with a chlorine-quenching agent (166 |a,L of ammonium 
chloride at 30 g/L) to prevent further chlorinated DBP formation. After careful collection to prevent 
bubble formation, the samples were kept in an icebox and then stored at 4 °C in the laboratory until 

analysis. THMs in water were extracted by solid phase microextraction SPME technic with PDMS 
100 \im fiber (Supelco, #cat. 57341) and determined using a gas chromatograph (Varian GC model 
3900; column Factor Four VF-5ms 30 m [L] x 0.25 mm [ID] x 0.25 |a,m [Film thickness]) with ion-trap 
mass spectroscopy detection (Varian MS model 2100T). HAAs were measured according to EPA 
method 552.2 [50] using gas chromatograph (Perkin Elmer Autosystem XL included column Zebron 
1701: 30 m [L] x 0.32 mm [ID] x 0,25 \im [Film thickness]) with electron capture detector (GC-ECD) 
(methane-argon gas with purety of 99.99%). HAAs were extracted using methyl-tert-butyl-ether 
(Fisher Scientific HPLC grade, #cat. El 27-4), using 2-bromopropionic acid as extraction standard 
"surrogate" (Supelco, #cat. 47645). For quality assurance, field blanks, duplicate samples and 
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internal standards (1,2,3-Tricholoropropane, Supelco #cat. 47669-U) in each sample were conducted. 
The limits of detection (LOD) ranged between 0.6 and 1.1 |a.g/L for THMs and between 0.1 and 
1.6 ^g/L for HAAs. For CAMs, the LOD was 10 ^ig/L-Ch. 

Water samples for physicochemical measurements were collected in 250 mL plastic bottles (Nalgene). 
Inorganic CAMs in water were estimated by spectrophotometry (HACH DR 5000, 515 nm-reading, 
1 cm-cell) according to 4500-Cl-G DPD method [51]. Solid DPD (DPD free chlorine reagent HACH, 
#cat. 21055-28) was used instead of liquid DPD prescribed in the 4500-Cl-G method. Apart from CAMs, 
other physicochemical measurements carried out included pH (Denver Instruments Model- AP 15), 
temperature (alcohol thermometer), and, according to 4500-Cl-F method, free residual chlorine 
(HACH DR 890-MTH 8021) and total chlorine (HACH DR 890-MTH 8167). 

2.4. Volatilization Models 

Two tools were compared for the predictions of TCM air concenfrations from water levels: 
(i) the volatilization model (VTM) integrated into the physiologically based toxicokinetic modeling 
developed by Haddad et al. [52] and based on the work of McKone [53,54] and (ii) the level III 
fugacity model (FUG) currently proposed by Dyck et al. [49]. The VTM model assumes, under 
steady-state conditions, that the concenfration in the air of a room depends primarily on the ventilation 
rate of the room and the chemical input into the room, the latter depending on the concenfration of the 
chemical in the water, the volume of water used and the duration of water use. An efficiency factor is 
used to quantify the water-to-air transfer. First, we used the by-default parameterization of the model 
as originally assumed by Haddad et al., and then we adjusted the following parameters to better fit its 
predictions on the empirical data: flow = 7.42 L/min; ventilation = 0.66 m^/min; efficiency factor = 0.390 
(unitless). The FUG was developed on the basis of Mackay's work [55] and is based on the concept of 
fugacity. It accounts for interactions between several multimedia environments {i.e., water, air and also 
human organism), including fiow and non-equilibrium conditions. From this process, a linear equation 
was reported by Dyck et al., to predict TCM air concentration (TCMa in |a.g/m^) from TCM water 
concenfrations (TCM in ^g/L): TCMa = -0.039 + 4.229 x TCM. 

2.5. Statistical Analysis 

Student t-tests (with Satterthwaite correction for inequal variances) were used to compare DBF 
levels between [A] and [B] as well between SI and S2. First, relationships between the various DBF 
concentrations were studied using scatter plots and secondly, by calculating the Pearson correlation 
coefficients. A mixed analysis of variance (ANOVA) model was adjusted to these concentrations 
separately for each pool. The fixed factors are the sampling place, time and day. The random factor is 
the session. The MIXED procedure of the SAS program was used for the analyses [56]. Variance was 
modeled with the GROUP statement of the ftmction REPEATED to ensure that homogeneity of 
variance and degrees of freedom were adjusted accordingly. We selected the best model of variance 
using the Aikaike Information Criteria (AIC). In some cases, the normality assumption was not 
verified, due to some outliers. However the analysis without the outliers led to similar results and the 
same conclusion. The significance levels used for these analyses were 0.01 for the ANOVAs and 0.05 
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otherwise. Data under the LOD were substituted by £00/(2°^). The comparisons between the 
volatilization models were based on the calculation of least square residual means. 

3. Results 

Table 2 provides an overview of the concentrations of DBFs measured in pools [A] and [B] during 
the two sampling sessions. Table 3 presents the values of the physicochemical parameters and 
cumulative number of bathers during those sessions. 



Table 2. DBF concentrations in pool water and air of [A] and [B] (all samples). 







Pool |A| 




n" 


Pool |B| 


[Min-Max] 


n" 


Mean (± SD) 


[Min-Max] 


Mean (± SD) 


TTHMs * in water (ng/L) 


119 


28.8 (±5.8) 


[13.3-46.0] 


116 


24.3 (± 5.5) 


[10.4-38.1] 






28.8 (± 5.8) 


[13.3^6.0] 




24.3 (± 5.5) 


[10.4-38.1] 


HAA9 * in water (ng/L) 


120 


217.6 (±46.5) 


[111.3-390.4] 


120 


257.8 (± 38.6) 


[138.6-365.0] 


DCAA'' 




93.3 (±28.6) 


[48.0-191.5] 




112.1 (±21.8) 


[69.1-163.2] 


tcaa'' 




107.5 (± 23.0) 


[54.0-190.7] 




128.9 (± 22.2) 


[59.2-201.0] 


BCAA 




1.81 (±0.80) 


[0.6-3.0] 




1.8 (±0.9) 


[0.4-2.9] 


BDCAA 




15.0 (± 6.7) 


[<LOD-23.6] 




15.1 (± 6.2) 


[6.1-23.5] 


CAMs ' in water (ng/L CI2) 


39 


689 (± 166) 


[376-981] 


40 


526.9 (±113) 


[268-802] 


MCAM' 




323 (± 55) 


[188^34] 




284 (± 81) 


[<LOD^50] 


DCAM 




25 (± 97) 


[<LOD-593] 




11 (±21) 


[<LOD-70] 


tcam'' 




341 (± 183) 


[<LOD-650] 




232 (± 146) 


[<LOD-557] 


TTHMs " in air (^gW) 


78 


130.3 (±49.1) 


[47-311] 


76 


90.2 (±33.1) 


[33.7-180.3] 


TCM' 




128.7 (±48.5.2) 


[46.4-306.7] 




89.1 (±32.8) 


[33.6-177.7] 


DCBM" 




1.55 (±0.7) 


[<L0EM1.3] 




1.1 (±0.5) 


[<LOD-2.6] 


TCAM * in air (ngW) 


19 


220 (± 68) 


[110-350] 


18 


139 (±42) 


[80-210] 



" number of samples; * statistically significant for T-test (equal variances) {p < 0.05); statistically significant 



for T-test (unequal variances) (p < 0.05). 

Table 3. IVIean physicochemical parameter values and cumulative number of bathers in [A] 

and [B] during SI and S2. 



Pool [A] Pool [B] 





SI 


S2 


SI 


S2 


Temperature (°C) 


27.8 


28.5 


27.9 


27.6 


pH 


7.2 


7.5 


7.2 


7.4 


Free Chlorine (mg/L) 


1.32 


1.32 


1.19 


0.89 


Total Chlorine (mg/L) 


1.88 


1.88 


1.68 


1.43 


Cumulative number of bathers 


239 


862 


122 


530 



3.1. DBF Levels in Water 

3.1.1. Occurrence and Speciation 

As shown in Table 2, TCM was the only THM found in water samples. No brominated THMs were 
detected. In the previous study by Simard [5], TCM was the most abundant THIVI (approximately 97% 
of all measured THlVls). Among the nine HAAs usually measured (HAA9), mostly dichloroacetic acid 
(DCAA) and trichloroacetic acid (TCAA) were present in high concentrations. Only bromochloroacetic 



Int. J. Environ. Res. Public Health 2012, 9 



2569 



acid (BCAA) and bromodichloroacetic acid (BDCAA) were also detected at very low concentrations. 
MCAM and TCAM were the main species of CAMs found in water while DCAM was measured in 
very low levels and only in approximately 25% of samples. 

3.1.2. Spatial Variations 

The levels of TCM and CAMs were significantly higher in [A] than in [B] {p < 0.0001 in each 
case). Conversely, HAA9 concentrations (especially TCAA and DCAA) were significantly lower in 
[A] (Table 2). Figure 1 illustrates the DBP concentrations measured at the three different sites where 
the samples were collected {i.e., deep, medium or shallow end of the pool). 

Figure 1. Mean DBP water concentrations (|ig/L) in the swimming pool [A] during the 
four sampling periods of each day of the campaign SI (Time = 0 min (9:00 am)-350 min 
(2:50 pm)). (a) TCM; (b) HAA9; (c) CAM. 

a. 
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Figure 1. Cont. 

c. 



- « -SIHoiA] 
SI Tu |A] 

— A— S1 We[A] 
— •— SI Th [A] 

- ■- S1 Fr[AJ 
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No clear trend appears, as the levels measured were sometimes greater in the deep end but 
sometimes greater in the shallow end. The coefficients of variations of the concentrations measured 
between the various areas of the pool can reach up to around 40%. However, the average coefficients 
of variations were quite similar for both pools, ranging between 5% and 15% for the water 
contaminants (Table 4). 



Table 4. Coefficients of variations (%) between the levels of DBFs measured at the 
various sampling places into the pool (for water contaminants) and around the pool 
(for air contaminants). 







Pool [A] 


[Min-Max] 


a 

It 


Pool [B] 


[Min-Max] 




Mean (± SD) 




Mean (± SD) 


TTHMs in water (ng/L) 


39 


14.1 (±7.4) 


[2.6-31.1] 


37 


14.1 (±8.15) 


[2.4-38.9] 


TCM 




14.1 (±7.4) 


[2.6-31.1] 




14.1 (±8.15) 


[2.4-38.9] 


HAA9 in water ()xg/L) 


40 


9.5 (±9.5) 


[1.3-38.2] 


40 


7.2 (± 5.0) 


[0.9-26.2] 


DCAA 




10.0 (± 9.9) 


[1.5-35.3] 




6.6 (± 4.5) 


[1.5-23.0] 


TCAA 




10.8 (± 9.9) 


[0.5-40.5] 




9.3 (± 6.0) 


[0.8-30.9] 


BCAA 




6.7 (± 6.2) 


[0.2-24.8] 




6.6 (± 10.3) 


[0.4-52.5] 


BDCAA 




6.5 (± 13.0) 


[0.4-82.6] 




5.6 (± 5.8) 


[0.2-21.6] 


TTHMs in air (ngW) 


38 


22.1 (±24.2) 


[0.4-87.3] 


37 


12.9 (± 15.9) 


[0.12-63.9] 


TCM 




22.1 (±24.1) 


[0.1-87.3] 




12.8 (± 15.8) 


[0.1-62.5] 


DCBM 




33.0 (± 32.0) 


[0-128] 




22.9 (± 30.2) 


[0-133] 



n is the number of cases with all concentrations available at a same time in each sampling place. 



Regarding TOM, the mixed ANOVA models did not indicate any effect relative to the sampling site 
for [B], but a slight effect depending on the day for [A] {p = 0.0176). In this last case, the samples 
collected in the shallow end of the pool tended to present slightly lower TCIVI levels than the samples 
collected at the deep end. Nevertheless, this effect was only significant at the beginning of the week 
(IMonday and Tuesday). The ANOVA showed no effect of the sampling site on HAA9 levels. 
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3.1.3. Temporal Variations 

TCM concentrations were slightly but significantly higher during S2 than during SI in both [A] 
and [B] 25.4 ± 4.5 ^g/L for SI vs. 31.7 ± 6.04 ^g/L for S2, in [A]; and 20.7 ± 3.95 ^g/L for 
SI vs. 27.95 ± 4.4 ^ig/L for S2, in [B]) {p < 0.001). HAA9 and CAM levels were also higher during S2 

in each pool. For HAA9, they were: 193 ± 26.3 i^g/L for SI vs. 242.2 ± 49.3 )ag/L for S2, in [A]; 
and 245.1 ± 27.5 ^ig/L for SI vs. 270.5 ± 43.8 ^ig/L for S2, in [B]. For CAMs, they were: 583 ± 123 |ig/L 
for SI vs. 791 ± 568 |ag/L for S2, in [A]; and 419 ± 1 12 ^g/L for SI vs. 509 ± 121 ^g/L for S2, in [B]. 
Figures 1 and 2 illustrate the within-day and day-to-day variations of DBF concentrations, 
respectively. Figure 1 does not disclose any evidence of a typical pattern regarding the within-day 
variations in DBF levels. Mean TCM concentrations did not fluctuate much (around 10 )J.g/L 
approximately) between the five days of the week (Figure 2a). More variations were observed for HAAs, 
the levels of which increased constantly during the week (approximately 1.7-fold) (Figure 2b). Figure 3 
presents day-to-day variations of the levels of CAMs in water. These variations were dependent 
primarily on TCAM levels, while the concentration of MCAM remained quite constant during the 
week. 

Overall, the mixed ANOVA showed no effect relative to sampling day or time for CAMs or TCM. 
However, interestingly, the factor day was clearly significant in each pool for HAA9 {p < 0.0001) 
(Figure lb). For instance, in [A], the HAA9 levels were significantly lower on Monday, compared to 
the other days, and higher on Friday, compared to the first days of the week. This confirms the 
observation that HAA9 concentrations in pool water would tend to increase during the week. Indeed, 
the same trends are also observed in pool [B]. 

Figure 2, Mean DBF water concentrations ()J.g/L) in the various zones of pool [A] and [B] 
during session SI and S2. (a) TCM; (b) HAA9. 
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Figure 2. Cont. 
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Figure 3. Mean daily concentrations of MCAM (Mono), TCAM (Tri) and Total CAM in 
water in [A] and [B] during SI and S2. (a) [A]-S1; (b) [A]-S2; (c) [B]-S1; (d) [B]-S2. 
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3.2. DBP Levels in Air 



3.2.1. THMs 



Only TCM was systematically detected above the limit of quantification. DCBM was detected in 
some samples, but at much lower levels than TCM (Table 2). CDBM and TBM levels remained under 
their LOD. TCM showed the highest levels in both [A] and [B]. Therefore, the interpretation of spatial 
and temporal variations of THMs in the air was restricted to TCM and DCBM. 

3.2.1.1. Spatial Variations 

Significantly higher levels of THMs were measured in the air of pool [A] (Table 2). In addition, as 
shown in Table 4, the concentrations of THMs measured at 30 cm and 150 cm above the water surface 
in [A] were much more variable than in [B]. It may be due to usually higher swimmers' attendance in 
[A] (see Table 3) which cause more turbulence and therefore can contribute to higher volatilization of 
the THMs. Besides, Figure 4 clearly shows that the THM levels measured at 30 cm of pool [A]- 
session S2 are higher, compared to the levels measured at 150 cm. Indeed, the mixed ANOVA model for 
pool [A] indicates the factor sample site (height) is significant {p = 0.0176). Such was not the case for 
pool [B]. 

Figure 4. Mean concentrations (^g/L) of TTHMs in the pool air. (a) [A]-S1; (b) [A]-S2; 
(c) [B]-Sl;(d)[B]-S2. 
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Table 5 summarizes the concentrations of TCM measured in various premises of each swimming 
pool building. Values measured in the premises of pool [B] were clearly higher, compared to pool [A]. 
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Table 5. TCM concentrations (|a,gW) in the ambient air of various rooms of [A] and [B] 
(all samples). 







Pool [A] 






Pool [B] 




Room 


n 


Median 


[Min-Max] 


n 


Median 


[Min-Max] 


Men changing room 


20 


2.3 


[<LOD-4.5] 


19 


65.6 


[43.8-115.5] 


Women changing room 


20 


14.6 


[4.6-28.2] 


19 


66.10 


[47.5-111.5] 


Lifeguards' office 


18 


13.10 


[<LOD-38.3] 


20 


59.3 


[22.3-109.3] 


Administrative office 








11 


27.1 


[8.5-37.1] 


Technical room 


14 


46.4 


[4.7-99.2] 


8 


62.2 


[43.8-117.8] 


Bleachers 


4 


90.5 


[81.4-117.9] 









3.2.1.2. Temporal Variations 

Overall, total THM (TTHM) air levels around the pool were significantly higher during S2 
(147.6 ± 67.4 ^gW) than during SI (113.4 ± 14.6 ^igW) in [A] (p = 0.003,/; = 0.0316,/; = 0.0031 for 
TCM, DCBM, TTffM, respectively) as it was also the case for water levels. Conversely, the level 
of contamination was surprisingly, but significantly greater during SI in [B] (112.5 ± 26.7 jrg/m^ vs. 
69.0 ± 23.4 )J.g/m^) (p < 0.0001 for each TfiM), as shown in Figure 4. ffowever, no clear trends could 
be observed regarding day-to-day variations. Nevertheless, for [B] only, the mixed ANOVA showed 
an effect of the factor day (p = 0.0079) due mainly to higher levels of contamination measured on 
Tuesday. The within-day variations of TTHM air levels were quite disparate as for water concentrations 
(Figure 5). 

Figure 5. Mean TTHM concentrations (|ig/m ) in the air of [A] and [B] during the 4 
sampling periods of each day (Time = 0 min (9:00 am)-400 min (3:40 pm)). (a) [AJ-Sl; 
(b) [A]-S2; (c) [B]-S1 *; (d) [B]-S2. 
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3.2.2. TCAMs 

No typical patterns could be drawn. However, differences as high as 60 |a,g/m could be measured 
between two samples taken at two different times on the same day. 

3.2.2.1. Spatial Variations 

TCAM air levels around the pool were generally higher in [A] than in [B] (see Table 2) 
ip = 0.0005). Only two samples (both in [A]) were above the suggested protective threshold level of 
300 lig/m proposed by Parrat [39] (see Figure 6). TCAM were below this threshold in the few 
samples collected in the lifeguard's offices and even below the detection limit (50 [ig/m ) in the 
changing rooms. 

Figure 6. Concentrations ()j,g/m^) of TCAM in the air of [A] and [B] in the morning (AM) 
and afternoon (PM) of each sampling day during S 1 and S2 (Missing data were due to 
broken samples). 
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3.2.2.2. Temporal Variations 

In [A], the mean concentrations of TCAM were 243.3 ± 47.0 [ig/m^ and 199.0 ± 79.4 [ig/m^ during 
SI and S2, respectively. In [B], they were 145.0 ± 52.8 [ig/m^ and 132.5 ± 25.5 [ig/m\ In both cases, 
differences between SI and S2 were not statistically significant (p = 0.1626 and p = 0.5487, for [A] 
and [B], respectively). Figiare 6 shows the day-to-day and within-day variability of TCAM 
concentrations during SI and S2. It is not clear whether any trends exist regarding these variations. 
However, the ANOVA points to evidence of an effect relative to the factor day (with TCAM 
concentrations higher at the beginning of the week), but only for [B] (p = 0.0093). 
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3.3. Relationships between the DBP Concentrations 

Pearson coefficients between the various DBP concentrations in each pool and for each session 
were calculated. No consistent correlations were observed between the various types of DBPs in water, 
i.e., HAAs, THMs and CAMs. 

The results show that TCAM in air was correlated either with THM levels measured at 30 cm above 
the water surface or at 150 cm. However, this result was not consistent according to the pool and the 
session, making it difficult to explain. The relationships between THM levels at 30 cm and THM 
levels at 150 cm were also inconsistent. However, in general, correlations with mean THM levels were 
always better with THM levels at 30 cm rather than 150 cm. 

No clear relationship appeared between the DBPs in water and in the air (Table 6). Interestingly, 
HAA9 levels in water tended to be inversely correlated to air TCAM but the result was not statistically 
significant. Quite weak correlations were obtained between water CAMs and air THMs, but the 
relationships are inconsistent if each pool and session were considered independently. 

Table 6. Pearson coefficient of correlations between DBP concentrations in water and DBP 
concentrations in air overall sessions and pools. 





TTHM 


HAA9 


CAM 


Air TCAM 


0.1821 


-0.7139 


0.3970 


Air TCM 


0.1657 


-0.1819 


0.3218 * 


Air DCBM 


0.1970 


-0.2708 * 


0.2021 * 


Air TTHM 


0.1664 


-0.1834 


0.3207 * 



*p< 0.05. 

Figure 7. Concentrations (|ig/m ) of TCM in the air of [A] and [B] vs. water 
concentrations (|ig/L). 
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3.4. Predictive Modeling ofTCMAir Concentrations from Water Concentrations 

We further investigated the relationship between TCM in air and TCM in water and the possibility 
of predicting air levels from water levels. Figure 7 shows the disparity of TCM air concenfrations 
according to the TCM water concenfrations when measured at the same time. However, it is interesting 
to note in this figure, the paired water and air concenfrations measured in one pool during the same 
week tended to aggregate in the same area that may be regarded as representative of this pool during 
this week. 

Figure 8 shows the predicted TCM air concentrations using the integrated volatilization model 
(VTM) and the level III fugacity model (FUG) described previously, vs. actual measurements. In all 
cases, the by-default setting did not allow very precise estimates. Nevertheless, the FUG modeling 
resulted, interestingly enough, in much more plausible estimates. 

Figure 8. Predicted vs. measured TCM air concenfrations (|ig/m ) using VTM model and FUG model. 
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Table 7. Means of square residuals between measured and predicted TCM air concenfrations. 



Square Residuals 




Mean 


STD 


Minimum 


Maximum 


VTMs* 


84 


31,240 


22,670 


25.43 


99,610 




32 


34,290 


26,320 


5,214.80 


99,610 


+ 


52 


29,360 


20,140 


25.43 


79,690 


VTMh" 


84 


17,170 


16,840 


1,688.42 


87,340 




32 


10,740 


7,120 


1,688.42 


33,380 


+ 


52 


21,120 


19,720 


2,277.11 


87,340 


FUG' 


84 


2,760 


5,060 


0.36 


27,750 




32 


1,810 


2,690 


25.76 


9,930 


+ 


52 


3,350 


6,030 


0.36 


27,750 



^ volatilization model set by Haddad et al. [52], to predict air concentration into the shower room; 

volatilization model set by Haddad et al. [52], to predict air concentration into the rest of the house; 

equation from the fugacity model set by Dyck et al. [49]; -: considering periods with no bathers in the pool; 
+: considering periods with bathers in the pool. 
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Indeed, Table 7, where the lower mean indicates the best predictor, suggests a greater reliability of 
FUG model to predict TCM air concentrations, rather than by-default set VTM model. Interestingly, 
the FUG estimates were clearly better for periods with no swimming pool attendance. In fact, the 
situation may be closer to an actual equilibrium state more suitable for such modeling, given that 
bathers' absence may cause less turbulence and DBP volatilization. 

We adjusted the parameterization of VTM model to better fit its predictions on actual measurements. 
The Adjusted VTM model served to achieve a lower residual square means of 2,758.33 (±4,816.76), 
which indicates more precise predictions. We also adjusted an empirical model (EMP) on our generated 
database, resulting in the following formula: TCMa = 49.44 + 2.646 x TCM, where TCMa is the TCM 
air concentration predicted in |ag/m and TCM is the TCM water concentration in |a,g/L. 

The FUG, adjusted VTM and EMP models were compared on the basis of data extracted from the 
literature and reported by Dyck et al. [49]. TCM air concentrations predicted using each model from 
reported TCM water concentrations were compared to reported TCM air measurements. Table 8 
indicates FUG and EMP models are better predictive models than the adjusted VTM model. 



Table 8. Comparison between adjusted VTM, EMP and FUG models for their abilities to 
predict TCM air concentrations from TCM water concentrations on the basis of data 
reported in the literature. 



Square Residuals 


N 


Mean 


STD 


Minimum 


Maximum 


Adjusted VTM * 


31 


83,450 


276,000 


0.12 


1,459,500 


EMP'' 


31 


36,220 


145,880 


10.44 


830,500 


FUG' 


31 


71,480 


232,430 


0.0017 


1,218,600 



volatilization model set to fit with our dataset; empirical model adjusted on our database; 



equation from the fugacity model set by Dyck et al. [49]. 
4. Discussion 

We investigated the environmental occurrence of DBPs in two typical swimming pools with 
particular interest directed at the short-term and spatial variations of both water and air contaminants. 
Moreover, the database created served to examine the reliability of volatilization models for TCM. 
It provided interesting information to try to define best practices to assess DBP exposure in swimming 
pools for risk analysis or regulatory purposes. 

4.1. Occurrence of DBPs and Health Risks 

The high levels of HAAs in the water of the visited pools require particular attention. Indeed, these 
levels are consistent with those reported in a limited number of studies that documented the occurrence 
of these compounds in similarly chlorinated pools and also identitied DCAA and TCAA as the most 
abundant HAAs [5,46,47]. While ingestion of swimming pool water is usually considered quite 
low [57], the impact of the consumption of even small quantities of water so highly loaded in HAAs 
should be further examined, especially compared to the levels to which people are exposed on a 
daily basis through drinking water consumption. Previously, Simard et al., indicated HAA levels in 
swimming pools that could be up to 80 times the HAA levels in the distribution system [5]. The levels 
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of HAAs we measured in the present study remain lower but are approximately 3-4 times the norm of 
Quebec for HAAs in drinking water (60 |a.g/L) [58]. Among THMs, only TCM was detected in pool 
water at quite low levels, ranging close to those reported in the literature, but usually above the German 
standard of 20 |a,g/L [2,4,5,41,44,59-69]. TCM was measured in concentrations usually reported in the 
ambient air of swimming pools [2,4,41,44,59-61,63,65-67,69]. DCBM was also detected but in much 
smaller concentrations in the air (up to 4.34 |ig/m but usually 100 times less than TCM levels), while 
no brominated THMs were detected in the water (less than 0.6, 1.0 and 0.8 |ig/L for DCBM, CDBM 
and TBM respectively), perhaps due to differences in the sensitivity of analj^ical methods. 

Air contamination was also assessed in various rooms surrounding the pool. To our knowledge, only 
two Italian studies by Fantuzzi et ah, have reported this type of information by measuring THM air 
concentrations in the reception area or in the engine room [66,67]. Interestingly, TCM levels in the various 
rooms of the swimming pool building was high, compared to typical household baseline contamination 
levels ranging between 1 and 10 )J.gW reported by Nuckols et al. [70]. They are comparable to 
contamination levels resulting from other household water use activities {i.e., clothes washing 
(7-33 fJ-gW), dishwashing (2-28 )a.g/m^), hand washing (19-85 )J.g/m^), bathing (21-98 )j,g/m^)) which the 
same author points out as potentially significant contributors to daily exposure to TCM. Moreover, 
swimming pool attendees or workers may spend a much longer time in these premises; therefore, they may 
even be more exposed to DBFs in these locations than during their usual household water use activities. 

The levels of TCAM in ambient air did not comprise a range that seems to be particularly 
problematic for human health according to the suggested guideline of Parrat [39]. Likewise, it is 
important to note that for technical reasons we did not take samples during the periods when higher 
attendance might result in increasing DBP formation and then exposure. In addition, sampling was 
carried out in summer only; the results may have been greater in winter, especially for air contamination. 

4.2. Monitoring and Integrated Modeling for Exposure Assessment 

Defining best practices for DBP exposure assessment in swimming pools must consider two main 
aspects: the first deals with the feasibility of using one particular DBP in a particular medium as a 
surrogate for the occurrence of other DBPs in other media; the second concerns the availability, ease of 
use and reliability of in-situ monitoring methods and/or predictive environmental modeling, since no 
standard sampling strategy for DBP exposure in swimming pool exists for attendees or workers. 

To use a single DBP as an indicator of the levels of other DBPs would appear unfeasible, given the 
few correlations obtained in this study, which implies separate monitoring of each DBP. Indeed, 
contrary to Lee et al. [47] or Bessonneau et al. [29], we did not observe any consistent correlation 
between DBPs. Likewise, the analysis of spatial and temporal variations of both water and air 
contaminant levels pointed to a considerable potential for random disparities that make it inconceivable to 
predict their presence without using a minimal in-situ monitoring campaign. 

Regarding the spatial variations, given the differences observed within and between the swimming 
pools, no location (at a fixed height for air or in a particular zone for water) could be identified as the 
most representative of the pool contamination for sampling; thus, neither should be regarded as 
suitable for one-shot monitoring. In the particular case of air TCAM, Parrat [39] points to the different 
conclusions drawn in the literature regarding possible decreases of contamination levels according to 
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the height of sample collection. The author assumes that numerous different conditions between pools 
(e.g., ventilation and attendance) may explain this. Our results, and particularly the differences 
observed between [A] and [B], support his assumption. In fact, collecting at least two samples of water 
and two samples of air is recommended, rather than taking some spot samples alone. Systematically 
collecting two samples of water in the deep and shallow ends of the pool and two samples of air at 
approximately 30 cm and 150 cm above water surface {i.e., breathing zones of a swimmer and of a 
man standing at the edge of the pool) could be an interesting strategy for a better assessment of 
environmental exposure. Indeed, in this study, all air samples were collected in the middle on the 
poolside and we focused on the "vertical" variations without considering "horizontal" ones. This latter 
can occur actually as shown by Hsu et al. [48]. Nevertheless, in the current state of knowledge, we 
believe sampling air at the center of the pool may be the most representative sampling place to account 
for horizontal variations, but further investigations should address that. 

Temporal variations can be important within a day, despite the fact that no t5^ical pattern was drawn. 
Day-to-day variations in one swimming pool appeared to be quite limited in the course of the same week, 
apart from HAAs that tended to increase over the week in each pool and in each session; this may be due to 
a water change (back wash) in the pool. As for spatial variations, an appropriate monitoring should account 
for temporal variations by sampling at least twice a day. To take into account the variations of the number 
and activities of pool attendants, sampling just after opening and just before closing should be considered. 
The potential impact of such variations on DBP absorption and internal exposure assessment (and the error 
measurement associated to accounting for it or not) should be addressed in further investigations. 

The issue of modeling the DBP volatilization is another challenging point to address for two 
reasons. On the one hand, analytical methods to measure TCAM and THMs in the air are not easy to 
carry out, despite the apparent necessity, given the sanitary impact associated with air TCAM and the 
allegedly high contribution of inhalation to THM exposure. On the other hand, as previously mentioned, 
numerous factors influence the formation and the volatilization of DBFs (e.g., number of swimmers, 
ventilation, and water turbulence) and make the development of alternative modeling tools particularly 
challenging. So far predicting TCM air concentrations from water levels does not appear to be very 
reliable, irrespective of the model used, which enforces the need of minimal sampling for both water 
and air. Between the various models tested, the FUG model proposed by Dyck et al. [49] and the BMP 
model we developed from the data collected in this study resulted in the more realistic predictions but 
their precision still needs be greatly improved. 

5. Conclusions 

This study indicates that a minimal sampling strategy should be used for each DBP separately. The 
water-to-air models available for TCM require further improvement, but given the current state of 
knowledge where data for TCM air concentrations are not available, the use of the FUG model or the 
BMP model are alternatives. Overall, accurate DPB exposure assessment in swimming pool still 
remains very challenging, given the great number of variables (e.g., number of bathers or attendants, 
turbulence, organic precursors, ventilation) which may influence the amount of each compound and 
can produce the remarkable differences that this paper relieved within the same environment (water 
and air). Further research on DBP exposure should deal with the impact on bathers of such high levels 



Int. J. Environ. Res. Public Health 2012, 9 



2581 



of HAAs in the swimming pool water, integrate both swimming pool and household exposure to DBFs 
in risk assessment and look at the impact of such exposure on swimming pool workers as they 
represent the potentially highest exposed population. 
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